. (A) After 160 cycles, and (B) after 320 cycles. Note the macroscopic cracks propagating on the friction surface along the radial direction, extending from the inner to the outer radius of the disc [Maluf, 2007] .
is clear that cracking in brake discs should be seen as an isothermal and thermomechanical problem. Isothermal Fatigue (IF) consists in the application of a variable mechanical strain at a constant temperature. The main advantages of this test are its simplicity and lower cost than that of anisothermal tests (thermomechanical). Until recently, the fatigue strength of materials at high temperatures was estimated based on IF tests at the maximum temperature expected in the Thermal Fatigue (TF) cycle. However, this procedure proved to be insufficient because the strength of materials in TMF is significantly lower than that expected for the IF-based estimate. This is due to mechanisms possibly activated during the thermal cycling of TMF, which does not occur in IF, where the temperature is kept constant. There are two main types of brake systems: drum and disc. The use of disc in place of drum brakes in heavy vehicles has become increasingly common in recent years. This is due mainly to the search for greater braking efficiency, since disc brakes withstand higher temperatures than drum brakes [BOIOCCHI, 1999] . However, simply changing the drum shoe for the disc pad system does not suffice, making it necessary to analyze the brake system as a whole, as well as its influence on the vehicle's performance and safety. In many high responsibility applications -as in the case of brake discs, knowing the results of tensile, impact and hardness testing is not enough to characterize the materials used in components, because these results cannot provide the information needed to reliably predict the behavior of these parts in real working conditions. Ideally, the materials used in brake systems should possess several properties such as good thermal conductivity, good corrosion resistance, good durability, stable friction, low wear rate and good cost-benefit [WEINTRAUB, 1998 ].
Thermomechanical Fatigue -TMF
Several components are subject to a variety of thermomechanical and isothermal loading due to temperature variations during a vehicle's operation. The cyclic loading conditions induced by temperature gradients are essentially loads limited by strain. Therefore, laboratory studies of Isothermal Fatigue, IF, are usually limited by strain control in low cycle fatigue tests .
www.intechopen.com Thermomechanical fatigue, TMF, describes fatigue under simultaneous variation of temperature and mechanical strain. Mechanical strain, which is determined by subtracting the thermal strain from the total strain, should be uniform in every specimen and originates from external restrictions or loads applied externally, e.g., if a specimen is held between two rigid walls and subjected to thermal cycling (without allowing expansion), it will undergo external compressive mechanical strain. Examples of TMF can be found in pressure vessels and pipes in the electric power industry, where structures undergo pressure loads and thermal transients with temperature gradients in the thickness direction, and in the aeronautical industry, where turbine blades and discs undergo temperature gradients superimposed to rotation-related stresses. According to Sehitoglu [SEHITOGLU, 1996] TMF may involve several mechanisms in addition to fatigue damage, including creep at high temperatures and oxidation, which contribute directly to damage. These mechanisms differ depending on the history of strain and temperature. They are different from those foreseen by the phenomenon of creep tests (non-reverse) and by oxidation tests in the absence of stresses (or of constant stresses). Microstructural degradation may occur under TMF in the form of: 1. Overaging, such as the coalescence of precipitates and formation of lamellae; 2. Strain aging, in the case of solid solution hardening systems; 3. Precipitation of secondary phase particles; and 4. Phase transformation within the cycle's ultimate temperature. Variations in the mechanical properties or in the coefficient of thermal expansion in the matrix and precipitates, which are present in many alloys, also result in local stresses and cracks. These mechanisms influence the material's strain characteristics, which are associated with damage processes. [HETNARSKI, 1951; SHI et al., 1998 ]. This was reported by Shi et al. [SHI et al., 1998 ] in a study of a molybdenum alloy containing 0.5% of Ti, 0.08% of Zr and C in the range of 0.01 to 0.04%, see Figure 2 . The lifes obtained in IF tests at two temperature levels studied, 350 o C and 500 o C, were higher, in both cases, than those found in TMF in phase for temperatures from 350 o C to 500 o C, demonstrating that temperature variations cause extensive damage of the material. However, no obvious difference was found between the two isothermal tests analyzed regarding the number of cycles to failure of the specimens, confirming that in this temperature range the material maintains a good cyclic resistance. Hence, designs based solely on the isothermal fatigue of components that work at high temperatures are not reliable, thus requiring a more in-depth study of the behavior of the materials subjected to this phenomenon, including tests at different temperature intervals (anisothermal fatigue) and in a variable range of stresses and strains. Figure 3 indicates that the longest IF life of specimens occurs within an intermediary range of the applied temperature. In this range, the shortest life found for 316L (N) austenitic stainless steel was found at ambient temperature at which the strain induced the formation of martensite phase. The microstructural recovery of the material, which was responsible for the increased life, occurred at the temperature of 573 K (300 º C). The reduction of life with continuous increases in temperature is attributed to several effects of dynamic strain, such as the concentration of stresses produced in sites of stacking unconformities when the maximum stress of the cycle is reached, causing an increase in crack growth rate. This is clearly evident at temperatures above 873 K (600 o C), at which the lifetime was significantly reduced by oxidation [SRINIVASAN et al., 2003 ]. Another aspect to be observed under in IF with controlled strain is the behavior of cyclic stress as a function of life. The behavior of the 316L (N) austenitic stainless steel was monitored during four stages, as illustrated in The alloy exhibited a brief period of cyclic hardening, reaching its maximum stress in the early stage of life, followed by cyclic softening before attaining the stable regime. In the period prior to fracture, the stress amplitude decreased rapidly, indicating crack nucleation and propagation. This figure also shows that the amplitude of the peak stress increased with rising temperature from 573 to 873 K, and also that some factors contribute to the drop in the material's strength with the increase in temperature. These factors are an abnormal cyclic hardening rate and reduction of the amplitude of plastic strain in the lifetime intermediary to fracture, and an increase in the maximum stress rate in the initial cycles in response to increased temperature, which develop due to the inductive interaction between diffusion solutes and mobility of the unconformities during strain. All these phenomena are considered manifestation processes of the period of dynamic strain. Table 1 lists the chemical composition of the four gray cast iron alloys that are used in the production of automotive brake discs and that were the object of this study. After selecting these four alloys, isothermal and thermomechanical fatigue tests were performed on specimens in conditions of strain, in-phase and out-of-phase. The failure criterion adopted was a 50% decrease of the maximum load reached during the test. . MTS 810 servo-hydraulic testing system, equipped with an MTS Micro Console 458.20 controller, Figure 6 and specially adapted to for TMF tests under total strain control. A high temperature axial strain gauge, MTS model 632.54F-14, was used to control the amplitude of total strain. The hydraulic grip system was an MTS model 680.01B, which is suitable for mechanical tests at high temperatures. The test specimens were heated in a 75 kW inductive heating system operating at a frequency of 200 kHz. The temperature was measured using an optical pyrometer equipped with a laser target focused midway along the length of the specimen, providing the input for the temperature controller, which received the command signal from a microcomputer. The temperature gradient along the specimen length was minimized using an induction coil with optimized geometric dimensions. The auxiliary cooling system of the clamps grips for the thermomechanical fatigue tests consisted of two spiral copper tubes for circulating cold water and two compressed air pipes attached at to the upper and lower ends of the clamps grips. Figure 7 shows a localized detailed view of the region where the test specimen was fixed in the MTS 810 machine.
Isothermal Fatigue -IF

Materials and methods
www.intechopen.com The TMF tests were performed in thermal cycles of 120s, the minimum time required to allow for stable cooling of the gray cast iron specimen and to maintain synchronism between the thermal and mechanical cycles, load ratio, R= -1, as illustrated in Figures 8 (a) and (b).
In-phase and out-of-phase TMF tests were carried out in the temperatures from 300 to 600°C. For in-phase TMF, positive strain corresponds to the maximum temperature of the cycle, negative strain corresponds to the minimum temperature of the cycle, and strain is equals zero at the temperature of 450°C, as illustrated in Figure 9 . In out-of-phase TMF tests, the positive strain corresponds to the lower cycle temperature, negative strain to the higher cycle temperature, and strain is zero at 450°C, as indicated in Figure 10 . 
Results and discussion
The behavior of total strain amplitude (Δε m /2) as a function of the number of cycles to failure was obtained in alloys A, B, C and D for several levels of strain in the thermal cycle from 300 and 600ºC. It was found that the higher the total strain applied the shorter the lifetime of the material, which is due to the increase in stress required to reach higher strains. Figure 11 presents the curve of total strain amplitude, Δε t /2, vs. the number of reversals to failure (2N f ), indicating the behavior of the four alloys tested in-phase. As can be seen, at mechanical strain amplitude of 0.10% in the in-phase test condition, the alloys exhibited an anomalous behavior, i.e., they presented premature fatigue life values than those obtained in the tests at higher amplitudes of mechanical strain. This was very likely due to the occurrence of the phase transformation known as graphite expansion caused by decomposition of the cementite phase in the perlite microconstituent, which transforms into ferrite and vein graphite [ASM International handbook, 1999]. This microstructural transformation leads to a significant decrease in the alloy's mechanical strain amplitude values, producing a rapid drop in the applied tensile load as a function of the number of reversals to failure. This demonstrates the non-validation of the fatigue life criterion adopted in the condition of 50% decrease of the ultimate load, to study the mechanical behavior of gray cast iron loaded under thermomechanical fatigue at very low levels of mechanical strain amplitude. Thus, since the results for the strain amplitude of 0.1% are not valid, they were disregarded in the construction of the tendency lines in Figure 11 . The results obtained in the in-phase loading condition indicate that the behavior of the gray cast iron alloys A, B, and C in in-phase TMF were very similar or superior in terms of the number of reversals to failure at mechanical strain amplitudes of 0.2%, 0.3% and 0.4%. In other words, the three alloys presented practically the same in-phase life at values of mechanical strain amplitude equal to or higher than 0.2%. As the graph in Figure 11 indicates, alloy D presented the best performance in in-phase TMF at all of the applied strain amplitudes. It was thus demonstrated that, among the four gray cast iron under study, the alloy with the best performance was the one with relatively low equivalent carbon content and containing the alloying elements chromium and copper. These conclusions were based on the results of in-phase TMF, where alloy A, albeit devoid of any special alloying element, presented a behavior similar to that of both alloys C and B, which are the most alloyed.
www.intechopen.com Figure 12 depicts the behavior of the four alloys in thermomechanical out-of-phase fatigue. Note that in this loading condition, the alloying elements as well as the equivalent carbon content exerted little or no influence on the low-cycle fatigue strength of the alloys. To facilitate a comparison of the results of the alloys' behavior in both TMF conditions, they were plotted in the same figure, but without taking into account the mechanical strain amplitudes less than 0.2%. This artifice allowed for a clearer view of the performance of the alloys (Figure 13 ). 
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Based on the curves in Figure 13 , it can be stated that among the low-cycle TMF tests carried out on specimens of four gray cast iron alloys, the ones performed in the out-of-phase condition were the most critical, since they led to failure in a lower number of reversals. This greater severity of the out-of-phase tests is justified by the fact that the tensile stresses in this test condition are applied at the lowest temperatures of the cycle, in which the material presents low ductility, thus requiring the application of higher stresses to become strained than those that would be required to strain it at higher temperatures. The same reasoning with respect to temperature can be employed to study the behavior of compressive stresses.
The effect of the test condition on the application of stresses is easily observed from the behavior of the mean stress curves in the low-cycle thermomechanical fatigue tests. These c u r v e s w e r e n e g a t i v e i n t h e i n -p h a s e a n d p o sitive in the out-of-phase condition, as displayed in Figure 14 . The total strain amplitude that occurs in a TMF test is the sum of the mechanical strain amplitude, which is predetermined, and the amplitude of thermal strain, which is a function of the coefficient of thermal expansion of the material and the variation in temperature. Therefore, the value of the percent amplitude of thermal strain employed to obtain the percent of mechanical strain amplitude for the four alloys of this study in the thermomechanical fatigue tests was 0.3%. In order to ascertain whether the IF tests could be adopted, as is normally done, to predict the alloys' behavior in TMF, the IF and TMF curves of the four alloys of this study were plotted on the same graphs of % of total strain amplitude as a function of the number of reversals. As can be seen in the plots in Figures 15, 16, 17 and 18 , when subjected to IF at any of the temperatures of 25ºC, 300ºC and 600ºC, alloys A, B, C and D presented longer lifetimes than in out-of-phase TMF, indicating an increase in the severity of the test when temperature variations occur during cyclic loading. www.intechopen.com
As can be seen from the curves, the severity of the tests increases, and hence, the lifetime decreases in the following sequence: IF at 25ºC, IF at 300ºC, IF at 600ºC and out-of-phase TMF. This clearly indicates that IF tests are unsuitable to predict thermomechanical fatigue behavior, at least in the case of the materials of this study. The precision of the direction to be considered for the in-phase TMF curves, particularly for alloy D, was impaired because the results of the mechanical strain amplitude of 0.1%, due to the anomalous results, were not considered. Thus, they were not analyzed from the standpoint of severity. In general, and apart from anomalies, the smaller the preestablished mechanical strain the longer the duration of thermomechanical fatigue tests; hence, phenomena such as creep and oxidation have an opportunity to act, reducing the material's lifetime. The gray cast iron alloys that are used in the production of automotive brake discs were subjected to IF tests because vein graphite behaves like microcracks. Therefore, the conventional method of calculating the plastic and elastic components of strain cannot be used because it would yield incorrect values since, depending on the hysteresis, the tensile unloading tangent could find negative values of plastic strain. Therefore, the extent of hysteresis at half-life was determined by the mean stress, as shown in Figure 19 [KANDIL, 1999] . Note that the distance db corresponds to the plastic strain amplitude, the horizontal distance ac corresponds to the total strain amplitude, and the vertical distance ac corresponds to the stress amplitude; E 1 is the modulus of elasticity in tensile unloading, and E 2 is the modulus of elasticity in compressive unloading. The plots of strain amplitude versus number of reversals (Δε t x 2N f ) (Figures 20 to 25) indicate that the lifes of the alloys under study showed significant differences at 25 o C, 300 o C and 600 o C. This occurred at all the levels of strain analyzed, i.e., 0.2%, 0.3%, 0.4% and 0.5%, due to the low ductility of the alloys in question. In these cases, the equivalent carbon (CE) does not seem to exert any influence on fatigue life at any of the test temperatures. However, it was found that the life of alloy B increased along with increasing temperature, which is due to the presence of alloying elements such as molybdenum and chromium, indicating that these elements increase the materials' hot mechanical strength. 
Conclusions
At in-phase TMF mechanical strain amplitudes of 0.10% the value of fatigue life showed an anomalous behavior in all the analyzed alloys, which failed prematurely according to the adopted criterion of a 50% decrease in maximum tensile stress. In other words, their 2N f was lower than that of the highest amplitudes of mechanical strain. -
The in-phase TMF curves indicated that the behavior of the gray cast iron alloys A, B and C were very similar in terms of 2N f at mechanical strain amplitudes of 0.2%, 0.3% and 0.4%. In other words, the three alloys presented practically the same in-phase TMF life at mechanical strains equal to or higher than 0.2%. -
The out-of-phase TMF tests were the most critical, leading specimens to failure in a smaller number of reversals. This greater severity of the out-of-phase tests is explained by the maximum tensile stresses at the lower temperatures of the cycle. -
The best TMF performance was exhibited by the alloys with relatively low equivalent carbon content and containing the alloying elements Cr and Cu. -As for the IF properties, the alloys under study did not show a significant difference at temperatures of 25ºC, 300ºC and 600ºC, as indicated by the ε -N curves. The CE, was apparently uncorrelated with the fatigue life. -Based on the σ -N curves one can see that, even at ambient temperature, there is a difference among the alloys. With the increase in temperature there is a decline in the stress amplitude, which is more pronounced in the alloys containing little or no Cr and Mo. Thus, the alloys with higher mechanical strength require a higher stress to become strained. -When subjected to IF at any of the temperatures, 25ºC, 300ºC and 600ºC, the alloys presented longer lifes and in out-of-phase TMF, revealed an increase in the severity of the test with the variation in temperature.
-
The IF tests were less critical than the out-of-phase TMF tests.
